Background: Sperm capacitation is essential for proper fertilization and is associated with increased sperm hyperactivity (HA) and acrosome reaction (AR). For successful fertilization, AR timing is critical; accordingly, early spontaneous AR may not facilitate fertilization. Paraoxonase 1 (PON1) possesses antioxidant properties which affect sperm capacitation. The association between PON1, semen parameters, and capacitation is not fully understood. Objective: To study PON1 activity in relation to human sperm hyperactivity and AR. Materials and Methods: Semen samples were collected, and parameters were determined (volume, concentration, total sperm count, percentage total motility, and percentage normal morphology) according to World Health Organization (WHO) guidelines. AR and hyperactivity were evaluated using FITC-PSA, staining, and computer-aided sperm analysis (CASA). PON1 activity was assessed using arylesterase activity assay. Results: Purified PON1 inhibited both sperm hyperactivity and AR in a dose-dependent manner. Native semen PON1 activity was positively associated with higher sperm concentration and negatively associated with spontaneous acrosome reaction (sAR). Discussion and conclusion: PON1 may have a positive effect on fertility via its ability to prevent early spontaneous sperm capacitation and AR before reaching the female genital tract.
INTRODUCTION
Spermatozoa are programmed to undergo a series of physiological and biochemical modifications collectively called capacitation. Capacitation occurs in the female reproductive tract and is essential to attain the ability to fertilize the oocyte (Breitbart, 2003; Breitbart & Etkovitz, 2011) . The capacitation process includes transformation of the sperm motility pattern from progressive to hyperactive motility (HA) (Yanagimachi, 1994; Goodson et al., 2011) . The efficiency of penetration of hyperactivated spermatozoa to the zona pellucida (ZP) is much higher compared to that of non-hyperactivated spermatozoa (Ho & Suarez, 2001) .
Following sperm-oocyte binding, the spermatozoon is required to undergo AR at that specific time (Yanagimachi, 1994; Goodson et al., 2011) , allowing the spermatozoon to approach the oocyte and fertilize it. Early sAR may not enable the fertilization process to proceed. Hence, in order to achieve successful fertilization, AR timing is critical for successful fertilization. The sAR is a physiological process that has been studied in mice (Clift et al., 2009; Sebkova et al., 2013) as well as in humans (Li et al., 2017) . For example, it has been shown that in humans, spermatozoa with high proportion of sAR result in poor success in IVF (Wiser et al., 2014) . In contrast, it has been shown in mice that fertilizing spermatozoa can initiate their AR before contact with the egg ZP, thus, remain capable of fertilizing the egg (Inoue et al., 2011; Jin et al., 2011) . Thus, the concept that AR spermatozoa are unable to bind to the ZP and have lost their fertilizing capacity might need to be further reconsidered (Inoue et al., 2011) . In fact, variation in the literature exists regarding the timing of the sperm AR initiation and the consequences of penetrating the ZP (speciesand timing-dependent) (Bleil & Wassarman, 1983; Saling, 1989; Yanagimachi, 1994; Florman & Ducibella, 2006; Inoue et al., 2011) . Thus, it is important to note that there is an interspecies variation and mouse data cannot be always interpreted to humans.
Capacitation in general and AR in particular are known to be affected by reactive oxygen species (ROS) levels. The idea that limited amounts of ROS can intervene in a physiological manner in the regulation of some sperm functions was first presented by Aitken & Clarkson (1987) . The authors found that low levels of ROS could enhance the ability of spermatozoa to bind to ZP, an effect that was reversed by adding vitamin E. Later studies found that high ROS levels have a negative effect on sperm motility and on sperm functions (de Lamirande & Gagnon, 1992a,b) . However, other evidence suggests that, at low and controlled concentrations, ROS have physiological functions as signaling molecules (Gagnon et al., 1991; Schreck et al., 1991; Fialkow et al., 1994; Griveau & Le Lannou, 1997 ) and appear to be essential for the development of hyperactivation and capacitation (de Lamirande & Gagnon, 1992a,b) . ROS production is a naturally occurring process; thus, a variety of enzymatic (and non-enzymatic) mechanisms exist to protect cells against high ROS levels, including: superoxide dismutases (SOD), catalase (CAT), and glutathione peroxidase (Fridovich, 1997) .
Paraoxonase 1 (PON1) is a high-density lipoprotein (HDL)-associated enzyme that possesses antioxidant properties and protects cells from oxidative stress (Li et al., 2003) . The PON gene family consists of three genes; PON1, PON2, and PON3, mapped to the long arm of chromosome 7 (Primo-Parmo et al., 1996) . All three PON proteins were found to be expressed in spermatogonia, spermatocytes, and round and elongated spermatids, whereas only PON1 and PON3 were found in Sertoli and Leydig cells (demonstrated by immunohistochemistry in mouse testis) (Marsillach et al., 2008) . The cellular localization of PON members in different developmental stages of the spermatozoa indicates a possible role in sperm function and development. In fact, increased levels of seminal ROS have been observed in subfertile men, indicating an inverse correlation between oxidative stress and sperm metabolism, motility, and fertilizing capacity (Verit et al., 2009) . The impaired oxidative stress regulation in the seminal plasma of patients with abnormal sperm parameters has been proposed to be the result of decreased PON1 activity (Verit et al., 2009) . Thus, antioxidant enzymes such as PON1 may have a crucial effect on fertility (Fernandez-Checa et al., 1997) . In fact, genetic analysis demonstrated that the PON1 55M and PON1 192R alleles were associated with decreased sperm motility, whereas the PON2 311C allele was associated with decreased concentration (Lazaros et al., 2011) . This finding supports the significance of PON genes in semen quality (Lazaros et al., 2011) . In light of the suggested significant role of PON1 in fertility, we studied PON1 and human sperm hyperactivity and AR.
MATERIALS AND METHODS

Sperm collection
Samples were obtained from males attending the Rabin Medical Center fertility clinic (Petah Tikva, Israel). Informed consent was obtained from each participant prior to enrollment. The study protocol was approved by the Helsinki committee at Rabin Medical Center (research code 6580).
Semen analysis
After the required 3-day sexual intercourse abstinence period, semen samples from five different donors were generated via masturbation into polypropylene containers. Within an hour, the samples were liquefied and the semen parameters of volume, semen concentration, total sperm count, percentage total motility, and percentage normal morphology were assessed according to World Health Organization (WHO) guidelines (WHO manual for the examination & processing of human semen). The WHO reference values for normal semen are as follows: semen volume >1.5 ml, semen concentration >15 9 10 6 cells/ml, total sperm >39 9 10 6 , motility >40%, and normal semen morphology >4%. The percentage of normal spermatozoa forms was conducted using WHO criteria. Semen morphology was assessed using automated sperm quality analyzers (SQA-V gold) (Medical Electronic Systems, Ltd, Caesarea Industrial Park, Israel). This technology is based on the principle of electro-optical signal processing in combination with built-in computer algorithms (Lammers et al., 2014; Akashi et al., 2005) , which is approved for use in routine semen analysis (Lammers et al., 2014) .
To assess concentration and motility, a 10 ll aliquot was added to a Makler chamber (Sefi Medical Instruments, Haifa, Israel) and semen was visualized by phase-contrast microscope (Olympus CX21; Olympus, Tokyo, Japan) at 9200 magnification. In addition, total sperm counts were calculated (volume 9 concentration).
Sperm preparation
Human semen was initially liquefied (total number of semen samples amounted to 19). Then, semen was loaded on a Percoll's gradient (80, 40, and 20%) and centrifuged for 30 min at 6750 rpm at room temperature (Finkelstein et al., 2010) . The lower layer, containing the spermatozoa, was collected and washed twice in Ham's F-10 medium, re-centrifuged, and then left for "swim-up" for 5 min at 37°C. The motile fraction was carefully collected, and the washed spermatozoa were counted and maintained at 37°C until use (Finkelstein et al., 2010) . After preparation, sperm cells from five different donors were incubated in the absence or presence of PON1 at three different concentrations.
Capacitation assay
In order to assess sperm capacitation parameters, both hyperactivity and sAR were analyzed. Human sperm cells (10 7 cells/ml) were incubated in capacitation medium (Ham's F-10) supplemented with 3 mg/ml BSA for 3 h at 37°C in 5% CO 2 (Finkelstein et al., 2010) . The sperm capacitation state was analyzed (after the 3-h incubation) by examining the ability of the spermatozoa to undergo the AR. To determine PON1 concentration effect on capacitation parameters, different concentrations of purified PON1 were added in the beginning of the assay. This assay was conducted five times using five different donors.
Sperm hyperactivity assay
The computer-aided sperm analysis (CASA) measurements were calibrated as follows: sperm cells from five different donors (1 9 10 7 cells/ml) were incubated in capacitation medium (as mentioned above). Samples (5 ll) were placed in a standard count four-chamber slide (Leja, Nieuw-Vennet, The Netherlands) and analyzed by CASA device using IVOS software (version 12, Hamilton-Thorne Biosciences). Up to 10 sequels, 10s long were acquired for each sample. Sperm cells were analyzed according to parameters identifying human sperm motility. The proportion of hyperactivated (HA) spermatozoa in each sample was determined using the SORT function of the CASA instrument. In human spermatozoa, HA motility was defined by curvilinear velocity (VCL) > 100 lm/s, linearity (LIN) < 60%, and lateral head displacement (ALH) > 5 lm (Mortimer & Mortimer, 1988; Almog et al., 2008; Finkelstein et al., 2010) .
Assessment of acrosome reaction
Pisum sativum agglutinin (PSA)-FITC (60 lg/ml in TBS) was used for cell staining. The slides were washed twice with H 2 O for 5 min and then mounted to slides with FluoroGuard Antifade (Bio-Rad Lab., Richmond, CA). For each experiment, >150 sperm cells per slide (n = 2) were evaluated with a total of 300 cells per experiment)total 1800 cells for figure A and total 4200 for figure B) . Sperm cells exhibiting green staining over the acrosomal cap were considered acrosome-intact, whereas those with equatorial green staining or no staining were considered acrosomereacted as described previously (Almog et al., 2008; Finkelstein et al., 2010; Bar-Sheshet Itach et al., 2012) . Evaluation of the effect of purified PON1 treatments on AR was conducted at the end of the capacitation assay at 3 h. HDL was used as a positive control (Th erien et al., 1997) . In order to evaluate subjects' sAR state and their relation to androgenic semen PON1 activity, samples were also examined directly at T = 0.
Purified (Recombinant) PON1
Recombinant PON1 (rePON1) was generated in E. coli by a directed evolution process as previously described (Aharoni et al., 2004) The PON1 storage buffer [50 mM Tris (pH 8.0), 50 mM NaCl, 1 mM CaCl 2 , and 0.1% tergitol] was supplemented with 0.02% sodium azide and stored at 4°C. Protein concentration was determined via the Bradford method (Bradford, 1976).
PON1 arylesterase activity assay
In order to conduct arylesterase activity, semen was separated from cells after evaluation of semen parameters. Then, the arylesterase catalytic activity of different concentrations of purified PON1 on patients' semen samples was determined, as previously described (Gaidukov & Tawfik, 2005; Khersonsky & Tawfik, 2006) , and enzyme activity was detected spectrophotometrically. In short, the assays were performed in a 96-well UV plate. Semen 26 Andrology, 2019, 7, 24-30 samples were diluted 1:10 with an activity buffer and then 5 ll was taken for a total reaction volume of 200 ll. Hydrolysis of phenyl acetate (1 mM) was detected in activity buffer (50M Tris pH 8, 1 mM CaCl 2 ) at 270 nm (Gaidukov & Tawfik, 2005; Khersonsky & Tawfik, 2006) . Initial rates of hydrolysis were determined spectrophotometrically at 270 nm. The substrate mixture included 1.0 mM phenylacetate at activity buffer (1 mM CaCl 2 in 50 mM Tris-HCl, pH 8.0). One unit of arylesterase equals 1 lmol of phenylacetate hydrolyzed/min/ml (Gaidukov & Tawfik, 2005) .
Statistical analysis
The statistical analyses were carried out using Statistical Package for Social Science for Windows (SPSS, version 20.0, IBM, Chicago, IL, USA), and the data were presented by mean AE standard deviation (SD).
RESULTS
PON1 activity reduced hyperactivated motility and AR
Our first goal was to evaluate the effect of PON1 concentration on sperm hyperactivity and AR by adding purified PON1 to the capacitation medium. Sperm cells were incubated with different PON1 concentrations (0.02, 0.2, 2 lM), and both hyperactivity and AR were analyzed. Hyperactive cells' percentage was evaluated as function of time at 30 min, 1, 2, and 3 h (Fig. 1A) . AR percentage was analyzed at 3 h (Fig. 1B) . HDL (100 mg/ml) treatment was also examined in AR assay as a positive control. In order to verify exogenic (added), purified PON1 catalytic activity standard curve was done at T = 0 (Fig. 1C) retrieving linear relationship between PON1 activity and added purified PON1 with R 2 = 1.00 (1unit = 1 lmol of phenylacetate hydrolyzed/min/ml). According to all observed results, PON1 activity reduced hyperactivated motility and sAR in a dose-dependent manner. At 3 h, at the acknowledged end of capacitation time, when spermatozoa reached their maximum hyperactivity, the presence of purified PON1 at 0.02 lM, 0.2 lM, and 2 lM significantly decreased hyperactivity in comparison with control untreated spermatozoa by; 13%, 27%, and 33%, respectively (Fig. 1A) and AR by 19%, 29%, and 35%, respectively (Fig. 1B) .
Next, we studied the association between endogenic seminal plasma PON1 and sperm parameters and sAR.
Linear correlation between semen PON1 arylesterase activity and sperm concentration
We studied the association of endogenic semen PON1 activity with sperm parameters, including sperm concentration, total count, sperm motility, and morphology. We found positive linear correlation between semen PON1 arylesterase activity and sperm concentration (n = 14, R 2 = 0.54, r = 0.73) (Fig. 2) , indicating of higher PON1 arylesterase activity with higher sperm concentration. Measured semen concentrations were as follows: 65*10 6 , 80*10 6 , 55*10 6 , 25*10 6 , 75*10 6 , 50*10 6 , 30*10 6 , 17*10 6 , 26*10 6 , 90*10 6 , 85*10 6 , 50*10 6 , and 33*10 6 cells/ml, corresponding to measured PON1 activity of: 2.1, 5.7, 1.5, 1.1, 4.0, 1.9, 2.2, 1.7, 2.4, 6.4, 4.6, 1.9, and 3.8 U/ml, respectively. Other sperm parameters tested, including total count, sperm motility, and morphology, showed weak and not significant associations with PON1 activity (data not shown).
Endogenic semen PON1 is negatively associated with sAR
We found negative correlation between semen PON1 arylesterase activity and spontaneous AR (R 2 = 0.45), indicating of higher PON1 arylesterase activity with reduced spontaneous AR (Fig. 2) . Measured AR percentages were as follows: 75, 60, 85, 100, 63, 40, 35, 59, 62, 34, 66, 20, 66 , and 30 corresponding to measured PON1 activities of: 2.1, 5.7, 1.5, 1.1, 4.0, 1.9, 2.2, 1.7, 2.4, 6.4, 4.6, 1.9, and 3.8 U/ml, respectively. Thus, there was moderate negative association (R 2 = 0.45, r = 0.67) (Fig. 3) between native semen PON1 activity and spontaneous AR (at T = 0, without incubation).
DISCUSSION
In recent years, oxidative stress and the role of reactive oxygen species (ROS) have been explored intensively in the context of pathophysiology of human sperm function and male infertility. Figure 2 The association between sperm concentration and semen PON1 activity. Semen concentration and semen PON1 arylesterase activity were determined after its separation from sperm cells. PON1 enzyme activity was detected spectrophotometrically. After the required 3-day sexual intercourse abstinence period, semen samples were generated via masturbation and within an hour of masturbation, the samples were liquefied, and the semen parameters of volume, semen concentration, total sperm count, percentage total motility and percentage normal morphology were assessed according to World Health Organization (WHO) guidelines (WHO manual for the examination & processing of human semen). The values represent sperm concentration of mean AE SD. [Colour figure can be viewed at wileyonlinelibrary.com] Figure 3 The association between semen PON1 activity and acrosome reaction. PON1 arylesterase activity was determined in semen (separated from sperm). Sperm cells were analyzed for percentage of acrosome reaction using PSA staining at 3 h. The values represent sperm motility mean AE SD of duplicates from three experiments. [Colour figure can be viewed at wileyonlinelibrary.com] Spermatozoa, from genesis in the testes to ejaculation into the female reproductive tract, are constantly exposed to oxidizing environments. Furthermore, oxidative stress has been recognized as one of the most important causes of male infertility (Lanzafame et al., 2009; Mostafa et al., 2009 ) and linked to higher sperm spontaneous hyperactivity (de Lamirande & Gagnon, 1995) .
PON1 is an HDL-associated enzyme, which possesses antioxidant properties; however, its role in capacitation, one of the key essential processes for successful fertility, has not been clarified to date. PON1's inhibitory effect is likely due to its ability to decrease oxidative stress.
We found that exogenic PON1 significantly inhibits both sperm hyperactivity and sAR in a dose-dependent manner. Our results can be explained in light of the SOD theory; elevated PON1 results in ROS reduction and inhibition of capacitation and thus of AR and hyperactivity (Rozenberg et al., 2003 (Rozenberg et al., , 2005 . This is similar to the suggested SOD effect on capacitation.
ROS has both advantageous and unfavorable effects on spermatozoa, probably depending on concentration, timing, and interaction with other microenvironment elements in the fertilization process (Aitken & Clarkson, 1987 ). The precise balance of ROS synthesis and scavenging by antioxidants and antioxidative enzymes could determine whether a given sperm function will be promoted or jeopardized.
Previous publication in this field demonstrated that ROS is essential for actin polymerization and that at the time of the capacitation, actin polymerization is critical for the development of hyperactive movement and the prevention of sAR (Shabtay & Breitbart, 2016) , thus indicative of a possible opposite trend to our results. However, it is possible that high PON1 concentrations result in ROS level reduction at the time of the capacitation consequently significantly inhibit actin polymerization and thus decrease hyperactive movement.
Additionally, we demonstrate that endogenous semen PON1 activity is negatively associated with sAR (r 2 = 0.45, r = 0.67), which may have a positive effect on fertility. This finding suggests that increased PON-1 activity is related to reduced ROS levels and consequently to sAR reduction. Analyzing association between PON1 activity and sperm parameters, we found that PON1 activity is positively associated with higher sperm concentrations (r 2 = 0.54, r = 0.73). Our findings are in line with genetic studies demonstrating that PON1-55M polymorphism results with decreased PON1 transcript and enzyme levels (Mackness et al., 1998; Leviev & James, 2000; Brophy et al., 2001) and associated with infertility (Volk et al., 2011) . Furthermore, separate analysis between the subgroups of infertile men with non-obstructive azoospermia (NOA) and oligoasthenoteratozoospermia (OAT) revealed that the risk genotype PON1-55MM was limited to the OAT subgroup. Furthermore, oligospermic men present less frequently with PON1 55L/L, PON1 192Q/Q, and PON2 311S/S genotypes, which are associated with higher PON1 activity and more frequently with PON1 55M, PON1 192R, and PON2 311C genotypes, which are associated with lower PON1 activity compared to normozoospermic men (Lazaros et al., 2011) . Other sperm parameters, including total count, sperm motility, and morphology, did not show significant correlation with PON1 activity. Similar to our results, Verit et al. (2009) found that PON-1 activity was strongly associated with sperm concentration; however, in contrast to our results, they also found association with other sperm parameters as motility and morphology.
It is known that the timing of capacitation, which results in AR, is crucial for proper fertilization; thus, inaccurate time setting of consecutive events can result in a reduction in the spermfertilizing ability (Sebkova et al., 2012) . It should be stressed that early sAR before spermatozoa reaches the oocyte close proximity will not lead to fertilization as physiological AR process is needed in order to enable the spermatozoa to penetrate and fertilize the oocyte. However, Sebkova et al. (2012) have shown using an in vitro mice sperm model a possible physiological relevance to delayed capacitation. Depending on the female cycle phase, spermatozoa encounter different concentrations of estrogen (low through high) resulting in capacitation and AR modulation. Higher concentrations of estrogens can serve as a sperm-specific selection barrier, inhibiting induced AR and thus may serve as preferred cryptic female mechanisms to select the best possible spermatozoa.
In addition, ROS levels and timing are associated with sperm function: Subjects with low semen quality exhibit higher percentage of spontaneous hyperactive and lower SODlike activity in comparison with control subjects. Additionally, patients with idiopathic male infertility have elevated levels of ROS (Pasqualotto et al., 2000; Saleh et al., 2003) . Positive correlation also found between SOD activity in seminal plasma and semen quality parameters, as well as sperm concentration and overall motility (Murawski et al., 2007) . Thus, since SOD is known to decrease hyperactivity and AR, PON1, with an antioxidative activity, might as well have a positive effect on fertility via its ability to prevent capacitation and hyperactivation processes occurring too early (before reaching the female genital tract).
We found that PON1 dose-dependently inhibits sperm hyperactivity and sAR. There are various possible explanations for this phenomenon, as summarized in Fig. 4 . As mentioned above, both hyperactivity and AR are known to be dependent on ROS levels, though it is not clear yet what the specific levels are that are needed and what the timing is for their production in order to achieve optimal sperm functions. PON1 has antioxidant properties and acts in more than one possible mechanism in lowering oxidative stress, for example, through regulating NADPH oxidase or decreasing ROS production in the mitochondria. Previous studies (Kotur-Stevuljevic et al. 2008) show that SOD has an independent effect on serum PON1 catalytic activities. Furthermore, low activity of both SOD and PON1 in semen was found to be associated with lower sperm quality (Rozenberg et al., 2003 (Rozenberg et al., , 2005 . These similar properties suggest possible interaction between PON1 and SOD.
In conclusion, our novel findings that PON1 exhibit our findings of PON1 inhibitory effects on sperm hyperactivity and capacitation similar to previous findings regarding effects of SOD, and reinforcing their possible shared role in capacitation. Our study demonstrates the importance of PON1 in capacitation and highlights the importance of PON1 in reproduction outcomes. Our results suggest that PON1 could be monitored as part as deep evolution specifically in infertile male and might be target for manipulation in order to achieve better reproduction outcomes. Revealing the exact detailed mechanisms of its activities in this regard will require further investigation.
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